Abstract: We present a hybrid system consisting of an atomically-thin semiconductor and a plasmonic nanoantenna. The intense optical near-fields provided by the antenna increase the photoluminescence intensity of WS 2 by more than one order of magnitude. Atomically-thin transition metal dichalcogenides (TMDCs) are promising two-dimensional materials for optical and opto-electronic devices [1], because they exhibit an optical band gap in the visible regime. Monolayers absorb more than 10% of the light at their excitonic resonance and show photoluminescence [2] . However, the absorption length of TMDC monolayers is extremely short and the photoluminescence quantum yield of 10 -3 is low. Therefore, strategies are needed to optimize light-matter interaction.
Atomically-thin transition metal dichalcogenides (TMDCs) are promising two-dimensional materials for optical and opto-electronic devices [1] , because they exhibit an optical band gap in the visible regime. Monolayers absorb more than 10% of the light at their excitonic resonance and show photoluminescence [2] . However, the absorption length of TMDC monolayers is extremely short and the photoluminescence quantum yield of 10 -3 is low. Therefore, strategies are needed to optimize light-matter interaction.
We present a hybrid system consisting of a plasmonic nanoantenna and atomically-thin WS 2 layer (Figure 1a) . The antennas are single-crystalline gold nanorods, functionalized by a molecular layer (CTAB). The nanorods are dropcast onto a monolayer of tungsten disulphide (WS 2 ), which was grown by chemical vapor deposition (CVD) on SiO 2 /Si substrate. In the electron micrograph of Fig. 1 WS 2 monolayers appear dark and the bright gold nanorods can be clearly identified. A horizontally/vertically aligned rod is marked in Fig. 1b by a dashed/solid white circle.
In Figure 1c and d photoluminescence intensity maps for excitation with circularly polarized light at a wavelength of 588 nm are presented. The emission polarization is selected along the horizontal and vertical direction, respectively. Whereas the PL emission from the WS 2 monolayer alone shows no polarization dependence and is homogenous across the flake, a clear enhancement is observed at the position of the gold nanoantennas. By matching both excitation and emission polarization an overall PL enhancement of up to 11 is observed. The fact that the PL intensity strongly depends on the excitation as well as emission polarization indicates that absorption as well as emission are increased. This effect is due to the enhanced optical near-field created by the longitudinal plasmon resonance of the nanoantenna. Figure 1e depicts the electric field distribution for the hybrid system with polarization along the antenna axis at a wavelength of 612 nm. Intensity enhancements as high as 6 are observed at position of the WS 2 monolayer.
We further investigate the antenna-monolayer coupling with respect to the spectral position of the longitudinal plasmon resonance, which is tuned across the A exciton resonance at 618 nm wavelength. To this end, three antennas with lengths of 57, 60 and 70 nm are first characterized by dark field scattering. We clearly observe the longitudinal plasmon resonance, which shifts to longer wavelengths with increasing antenna length. At the same time a prominent, narrow minimum is present in the broad plasmon resonance (Fig. 1f -h ). Since the minimum occurs at the wavelength of the A exciton and is independent of the antenna length, it is attributed to the coupling of exciton and plasmon. For the longest antenna the minimum is not visible, since the coupling between plasmon and exciton is weak due to the small spectral overlap.
All antennas show an enhancement of the PL intensity as well as modification of the PL spectrum, if the emission polarization is matched to the antenna axis (red curves in Fig. 1 f-h ). For emission polarization across the antenna axis (blue curves in Fig. 1 f-h ) the shape of the PL spectrum resembles that of WS 2 monolayer alone. The photoluminescence enhancement depends on the wavelength of the longitudinal plasmon resonance and results from an absorption as well as emission enhancement. If the plasmon is resonant with the laser excitation the enhanced optical fields allow for an increased absorption. The antenna further modifies the decay rates of the WS 2 monolayer, which results in a higher quantum yield of the hybrid system.
The tailored hybrid nanoantenna-monolayer system lights the way to efficient photodetectors, solar cells, light emitting and conceptually new valleytronic devices based on two-dimensional materials.
